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including lysines 4, 9, 27, and 36 of H3 and lysine 20 of
H4, are preferred sites of methylation (reviewed in van
Holde, 1988; Strahl et al., 1999). Based on the observa-
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tion that acetylated H3 and H4 are often the targets of1 Department of Biochemistry and Biophysics
ongoing methylation (Annunziato et al., 1995; HendzelLineberger Comprehensive Cancer Center
and Davie, 1989; Strahl et al., 1999), it has been sug-University of North Carolina at Chapel Hill
gested that histone methylation may have a role in tran-Chapel Hill, North Carolina 27599
scriptional regulation. However, direct evidence linking2 Molecular Biology Program
histone methylation to gene activity was not availableMemorial Sloan Kettering Cancer Center
until recently. One major obstacle in studying the func-New York, New York 10021
tion of histone methylation is the lack of information
regarding the responsible enzymes.
Great progress has been made in the identificationSummary
and characterization of HMTases recently (Jenuwein
and Allis, 2001; Zhang and Reinberg, 2001). Importantly,Methylation of histone H3 at lysine 9 by SUV39H1 and
methylation of histones at different residues seems tosubsequent recruitment of the heterochromatin pro-
play distinctive roles in transcriptional regulation (Jenu-tein HP1 has recently been linked to gene silencing.
wein and Allis, 2001; Zhang and Reinberg, 2001). It wasIn addition to lysine 9, histone H3 methylation also oc-
demonstrated that a nuclear receptor coactivator-asso-curs at lysines 4, 27, and 36. Here, we report the purifica-
ciated protein, CARM1 (or PRMT4), is an H3-specifiction, molecular identification, and functional charac-
arginine methyltransferase and that a mutation that crip-terization of an H3-lysine 4-specific methyltransferase
ples the methyltransferase activity also cripples its co-(H3-K4-HMTase), SET7. We demonstrate that SET7
activator activity (Chen et al., 1999). The role of histonemethylates H3-K4 in vitro and in vivo. In addition, we
arginine methylation on nuclear hormone receptor-found that methylation of H3-K4 and H3-K9 inhibit
mediated transcriptional activation was further supportedeach other. Furthermore, H3-K4 and H3-K9 methyla-
by the recent demonstration that H4-Arg3 methylation bytion by SET7 and SUV39H1, respectively, have differen-
PRMT1 facilitates subsequent histone acetylation and nu-tial effects on subsequent histone acetylation by p300.
clear hormone-dependent transcriptional activationThus, our study provides a molecular explanation to
(Strahl et al., 2001; Wang et al., 2001). In addition to thethe differential effects of H3-K4 and H3-K9 methylation
HMTases specific for arginine residues, enzymes thaton transcription.
methylate histones at lysine residues have also been
identified (Rea et al., 2000; Tachibana et al., 2001; YangIntroduction
et al., 2001). For example, SUV39H1, the human homolog
of the Drosophila heterochromatic protein Su(var)3-9, wasPackaging of DNA into chromatin allows efficient storage
shown to be an H3-lysine 9-specific methyltransferaseof genetic information but also impedes access to DNA by
(Rea et al., 2000). Importantly, methylation of H3-lysineprotein factors. Therefore, dynamic changes in chromatin
9 by SUV39H1 creates a recognition site for subsequentstructure play important roles in DNA-templated pro-
binding of the heterochromatin protein HP1, providing
cesses such as DNA replication, repair, recombination,
substantial evidence linking H3-K9 methylation to het-
and transcription. Studies in the past several years have
erochromatin formation and transcriptional silencing
identified at least two types of protein complexes that (Bannister et al., 2001; Lachner et al., 2001; Nakayama
are capable of altering chromatin structure to allow pro- et al., 2001).
tein factors access to nucleosomal DNA. One involves In addition to lysine 9, at least three more lysine residues
multiprotein complexes that utilize energy derived from on histone H3, K4, K27, and K36, can be methylated. To
ATP hydrolysis to “remodel” nucleosomes (Kingston understand the function of histone methylation on these
and Narlikar, 1999); the other involves covalent modifica- residues, we set out to purify the responsible enzymes.
tion of core histone tails (Spencer and Davie, 1999). Of Here, we report the purification, molecular identification,
the different covalent modifications identified so far, and functional characterization of an H3-specific methyl-
lysine acetylation is the most intensively studied due to transferase. Our study uncovers a SET domain-containing
its fundamental role in transcription regulation (Roth et protein, named SET7, as an H3-K4-specific methyltrans-
al., 2001). Other prominent histone covalent modifica- ferase. In addition, we provide evidence indicating that
tions include methylation, phosphorylation, and ubiquiti- methylation of histone H3 at K4 and K9 by SET7 and
nation (Spencer and Davie, 1999). SUV39H1, respectively, has differential effects on subse-
Although discovered three decades ago (Murray, quent histone acetylation by p300.
1964), histone methylation remains one of the least un-
derstood forms of posttranslational modification. Early Results
studies using metabolic labeling followed by sequencing
of bulk histones have shown that several lysine residues, Purification of an H3-Specific HMTase
By following histone methyltransferase activity, we have
previously purified an H4-R3-specific methyltransferase3 Correspondence: yi_zhang@med.unc.edu
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Figure 1. Purification of an H3-Specific Methyltransferase
(A) Schematic representation of the steps used to purify the H3-specific HMTase. Numbers represent the salt concentrations (mM) at which
the HMTase activity elutes from the columns.
(B) Histone methyltransferase activity assay (upper panel) and Western blot analysis (lower panel) of column fractions derived from the
DEAE5PW column. HMTase assay conditions were described in Experimental Procedures. The antibody used for Western blot is indicated
on the left side of the panel. In and Ft represent Input and Flow-through, respectively.
(C) Silver staining of a polyacrylamide-SDS gel (top panel), HMTase activity assay (middle panel), and Western blot analysis (bottom panel)
of the fractions derived from the hydroxyapatite column. The polypeptide that coeluted with the HMTase activity is indicated by a *.
(D) Silver staining of a polyacrylamide-SDS gel (top panel), HMTase activity assay (middle panel), and Western blot analysis (bottom panel)
of the fractions derived from the S200 column. The elution profile of the protein markers is indicated on top of the panel. The polypeptide
that coeluted with the HMTase activity is indicated by a *.
and identified it as the protein arginine methyltransfer- fractions indicated that the peak of the enzymatic activ-
ity eluted between 29 and 66 kDa (Figure 1D, middle panel).ase PRMT1 (Wang et al., 2001). This biochemical ap-
proach also revealed that multiple HMTase activities Silver staining of an SDS-polyacrylamide gel containing
the column fractions revealed again that the 45 kDa poly-specific for histone H3 or H4 exist in HeLa cells (Wang
et al., 2001). Since multiple lysine residues on histone peptide coeluted with the enzymatic activity (Figure 1D,
top panel). These results collectively support that theH3 are subjected to methylation, yet only H3-K9 methyl-
transferases are identified, we set out to identify proteins 45 kDa protein is likely responsible for the H3-specific
HMTase activity and that it functions as a monomer.responsible for other site-specific histone methylation.
Using a five-column purification scheme (Figure 1A), we
have purified an H3-specific HMTase activity to homo- Identification of a SET Domain-Containing
Protein as an H3-Specific HMTasegeneity from HeLa nuclear pellet. After fractionation on
DE52 and Phenyl Sepharose columns, the H3-specific To identify the 45 kDa putative HMTase, we excised the
band and subjected it to in-gel tryptic digestion. TheHMTase activity split into three peaks on the DEAE5PW
column (Figure 1B, top panel). Further fractionation of resulting peptides were analyzed by mass spectrometry
(Erdjument-Bromage et al., 1998). All masses obtainedthe third peak on a hydroxyapatite column followed by
silver staining and enzymatic assay allowed us to corre- match a conceptual translated cDNA clone, KIAA1717
(accession number AB051504), which was deposited inlate the HMTase activity with a 45 kDa protein (Figure
1C, top and middle panels). To confirm this result, the the GenBank as a result of a sequencing project (Nagase
et al., 2000). Although the cDNA is about 7 kb, the codingactive fractions were pooled and loaded onto a gel-
filtration Superose-200 column. Analysis of the column region is only 1.1 kb. The function of the large 3 UTR
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Figure 2. Identification of the H3-Specific HMTase SET7
(A) Amino acid sequences of the SET domain-containing H3-specific HMTase from human (accession number AF448509), and mouse (accession
number AF448510). Amino acids that are identical between human and mouse SET7 are indicated by -. Peptides obtained from mass
spectrometric analysis are underlined. Highlighted sequences represent SET domain. * indicates the amino acid that, when mutated, destroys
the SET7 HMTase activity.
(B) SET7 antibody is highly specific. Silver staining (left) and Western blot (right) analysis of an aliquot (40 l) of the DEAE5PW input samples.
Western blot was probed with the SET7 antibody.
(C) Comparison of the HMTase activity of SET7 with that of the hyperactive SUV39H1 mutant. Different amounts of enzymes indicated on top
of the panel (top panel) were compared for their enzymatic activities (middle panel) using equal amounts of core histone substrates (bottom
panel).
is not known. Several lines of evidence indicate that the mouse EST sequences allowed us to derive an amino
acid sequence that is 96% identical to its human coun-366 amino acids encoded by the cDNA represent the
full-length protein. First, the calculated molecular mass terpart (Figure 2A). The high degree of conservation of
the protein sequences between human and mouse, in41 kDa is close to the estimated 45 kDa apparent molec-
ular mass. Second, the nucleotide sequence around the combination with the lack of apparent homolog from
yeast, Drosophila, or C. elegans, suggests that this pro-first methionine conforms to the Kozak initiator se-
quence (Kozak, 1980). Third, transfection of a mamma- tein is likely involved in vertebrate functions. Since the
SET domain is the only recognizable motif found in thislian expression vector containing the coding region of
KIAA1717 into 293T cells generated a product of 45 kDa protein and the protein has no homology to any of the
six yeast SET domain-containing proteins outside the(data not shown).
KIAA1717 encodes an open reading frame of 366 SET domain, we named this protein SET7.
Previous studies on the SUV39H1 HMTase demon-amino acids (Figure 2A). Analysis of the amino acid se-
quences revealed a SET domain at its C terminus (Figure strated that in addition to the SET domain, the adjacent
cysteine-rich preSET and postSET domains are also re-2A). A search of the GenBank databases with the amino
acid sequence revealed no apparent homolog in yeast, quired for HMTase activity (Rea et al., 2000). However,
SET7 contains neither a preSET nor a postSET domain.Drosophila, or C. elegans (no significant homology was
found outside the SET domain). However, multiple To confirm that KIAA1717 indeed encodes the 45 kDa
HMTase, antibodies against SET7 were generated. Themouse EST clones with significant amino acid identity
to that derived from KIAA1717 exist. Assembly of these fact that the antibody recognized a single band on West-
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Figure 3. SET7 Prefers Nonnucleosomal Histone H3 Substrate
(A) SET7 purified from HeLa cells or expressed in E. coli has similar activity. Equal amounts of SET7 purified from HeLa cells (lanes 1–3) or
E. coli (lanes 4–6) (top panel) are compared for their ability to methylate equal amounts of core histone substrates (bottom panel). The middle
panel is an autoradiography of the bottom panel. Recombinant SET7 migrates a little slower due to the presence of a tag at its N terminus
(top panel).
(B) SET7 prefers nonnucleosomal histone H3 substrate. The left panel is an ethidium bromide-stained agarose gel containing core histones,
mononucleosomes, and oligonucleosomes as indicated on the top of the panel. Equal amounts of SET7 were used to methylate equal amounts
of histones in octamer, mono-, and oligonucleosome forms (bottom panel). The top panel is an autoradiography of the bottom panel. Quantification
of two independent experiments is shown in the middle panel. Variations of the two experiments were indicated by the error bars.
ern indicated that the antibody is highly specific (Figure of SET7 purified from HeLa cells or expressed in E.
coli were compared for their ability to methylate core2B). Western blot analysis of the column fractions de-
rived from the last three purification steps demonstrated histones. Results shown in Figure 3A indicate that SET7
from HeLa cells or expressed in E. coli has no significantthat SET7 copurifies with the H3-specific HMTase activ-
ity (Figures 1B–D, bottom panels). These data, in combi- difference in its ability to methylate histone H3.
Since core histones in the cell nucleus exist in nucleo-nation with the mass spectrometry analysis data, con-
firm that KIAA1717 indeed encodes the 45 kDa HMTase. somal form, we asked whether SET7 by itself is capable
of methylating H3 assembled into nucleosomes. To thisWe noted that proteins other than SET7 must be respon-
sible for the first two HMTase activity peaks detected end, mono- and oligonucleosomes (Figure 3B, left panel)
were prepared and were compared with core histonein the DEAE5PW column fractions, because SET7 was
not detectable in those fractions (Figure 1B). octamers for their ability to serve as substrates for SET7.
Results shown in Figure 3B indicate assembly of histoneHaving established that SET7 copurifies with the H3-
specific HMTase activity (Figure 1), we asked whether H3 into nucleosomes significantly reduced the ability of
SET7 to methylate H3, although SET7 still has detectablerecombinant SET7 possesses HMTase activity. To this
end, GST-SET7 fusion protein was generated, and its abil- activity toward H3 assembled into mononucleosomes.
Previous studies indicate that histone acetyltransfer-ity to methylate histone H3 was compared with that of a
hyperactive SUV39H1 mutant, GST-SUV39H1(H320R) (Rea ases have different substrate specificity depending on
whether they function alone or together with other asso-et al., 2000). Quantification of the results presented in
Figure 2C indicate that GST-SET7 is more than twice as ciated proteins. For example, GCN5 preferentially acet-
ylates free histone when used as a monomeric formactive as the hyperactive SUV39H1 mutant when equal
amounts of enzymes are compared. Since the hyperac- (Kuo et al., 1996). However, it is capable of methylating
nucleosomal histones when incorporated into the SAGAtive SUV39H1 mutant was estimated to be more than
20-fold more active than the wild-type SUV39H1 (Rea complex (Grant et al., 1997). Given that SET7 is able to
methylate H3-K4 in vivo (see below), it is likely that SET7et al., 2000), we conclude that SET7 is at least 40-fold
more active than SUV39H1 in methylating histone H3 may function in concert with other proteins in cells.
when equal amounts of proteins are compared.
The SET Domain and Its Adjacent Sequences
on SET7 Are Required for Its HMTase ActivitySET7 Prefers Nonnucleosomal Histone H3 Substrate
Having established that recombinant SET7 possesses Having demonstrated that SET7 is a potent H3-specific
HMTase (Figures 2 and 3), we attempted to determineHMTase activity, we asked whether it is as active as
that purified from HeLa cells. To this end, equal amounts the minimum amino acid sequences required for its
An H3-K4-Specific Methyltransferase
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Figure 4. Identification of the Minimum Amino Acid Sequences Required for SET7 HMTase Activity
(A) Schematic representation of the different SET7 deletion mutants. The SET domain and the point mutation are indicated. The amino acid
numbers for each construct are indicated.
(B) Equal amounts of wild-type and mutant GST-SET7 proteins (top panel) were compared for their HMTase activities (middle panels) using
equal amounts of core histone substrates (bottom panel). The top and bottom panels are from the same 18% polyacrylamide-SDS gel. The
relative HMTase activity represents the average of two independent experiments. The variations are indicated by error bars.
HMTase activity. Studies on SUV39H1 indicated that the that can be methylated. To determine which of the three
sites is methylated by SET7, core histone octamers wereSET domain is required for its HMTase activity (Rea et
al., 2000). To determine whether the same is true for subjected to methylation by SET7 in the presence of
S-adenosyl-L-[methyl-3H]methionine (3H-SAM). After sep-SET7, a SET7 mutant protein that contains a single
amino acid change (H297G) was generated. HMTase aration by SDS-PAGE, methylated H3 was recovered
and microsequenced by automated Edman chemicalactivity assay demonstrated that the mutant protein is
devoid of detectable enzymatic activity (Figure 4B, mid- sequencing. Sequentially released amino acid deriva-
tives were collected and counted by liquid scintillation.dle two panels, compare lanes 1 and 2). Therefore, the
SET domain in SET7 is critical for its HMTase activity. Results shown in Figure 5A reveal that Lysine 4 is the
only methylated residue.In addition to the SET domain, the adjacent cysteine-
rich preSET and postSET domains of SUV39H1 were It is well known that the recovery rate drops as the
number of microsequencing cycles increases. To avoidalso demonstrated to be required for HMTase activity
(Rea et al., 2000). However, neither a preSET nor post- potential missing of methylation sites due to this micro-
sequencing-associated problem, we generated GST-H3SET domain was identified in SET7 (Figure 2A). There-
fore, we asked whether any sequences in SET7 other fusion proteins with or without mutations at the three
methyl-able lysine residues and compared their abilitythan the SET domain are required for its HMTase activity.
To this end, a series of N-terminal and C-terminal dele- to serve as substrates for SET7. Results shown in Figure
5B indicate that while mutation on lysine 4 completelytion mutant SET7 proteins were generated and tested
for HMTase activity (Figure 4A). Results shown in Figure eliminated the ability of H3 to serve as SET7 substrate
(Figure 5B, compare lanes 2, 5, 7, and 8 with 1), mutation4B indicate that amino acids flanking the SET domain
on both sides are required for SET7 HMTase activity. on lysine 9 and lysine 27, either individually or in combi-
nation, has little affect on the ability of H3 to serve asThe only sequences that are dispensable for the HMTase
activity are the extreme N-terminal amino acids (Figure SET7 substrate (Figure 5B, compare lanes 3, 4, and 6
with 1). This result, in combination with the radioactive4B, middle two panels, compare lanes 1 and 3). It is
possible that sequences adjacent to the SET domain, mapping result, allows us to conclude that H3-K4 is the
only lysine residue on histones that can be methylatedregardless of whether they are cysteine rich or not, might
play an important role in proper folding of the SET do- by SET7.
Having established that SET7 specifically methylatesmain to accommodate histone tails.
H3-K4 in vitro, we asked whether SET7 is capable of
methylating H3-K4 in vivo. To this end, a methyl-K4-SET7 Methylates H3 at Lysine 4 In Vitro and In Vivo
Having established that SET7 is an H3-specific HMTase, specific antibody (Nakayama et al., 2001) was used to
monitor the H3-K4 methylation status. As expected, thewe attempted to determine the methylation site. It was
previously reported that the N terminus of histone H3 antibody recognized endogenous histone H3 purified from
293T cells transfected with an empty mammalian expres-contains at least three lysine residues (K4, K9, and K27)
Molecular Cell
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Figure 5. SET7 Methylates Histone H3-Lysine 4 In Vitro and In Vivo
(A) Lysine 4 of H3 is the major methylation site of SET7. In vitro SET7-methylated H3 was blotted onto PVDF membrane and subjected to
N-terminal automated sequencing. 3 H-radioactivity eluted from each cycle was counted. The amino acids identified at each cycle of micro-
sequencing are listed.
(B) HMTase assay using different GST-H3 tail fusion proteins as substrates. The lysines that were mutated are indicated on top of the panel.
The bottom panel indicates that equal amounts of substrates were used in each reaction. The top panel is an autoradiogram of the same gel
shown in the bottom panel.
(C) SET7 methylates H3-K4 in vivo. Recombinant histone H3 (200 ng) and equivalent amounts of core histones (bottom panel) purified from
293T cells transfected with empty vector (lane 2), a vector that expresses wild-type SET7 (lane 3), or a vector that expresses mutant SET7
(lane 4), respectively, were analyzed by Western blot using the methyl-K4-specific antibody (top panel). The numbers between the two panels
were derived from the top panel, and they represent the relative H3-K4 methylation levels.
sion vector, while it did not recognize an equal amount of (cannot be further methylated in the presence of 3H-
SAM), the histones that were methylated on K4 or K9recombinant H3 purified from E. coli (Figure 5C, compare
lanes 1 and 2), indicating that the antibody is methyl- were subjected to methylation by SUV39H1 or SET7
in the presence of 3H-SAM. Parallel mock-methylatedK4 specific. Importantly, transfection of a mammalian
expression vector encoding SET7 doubled the H3-K4 histones were used as a control. Results shown in Figure
6A indicate that methylation on H3-K4 by SET7 inhibitsmethylation level (compare lanes 2 and 3). In contrast,
transfection of a vector expressing the HMTase-defec- subsequent K9 methylation by SUV39H1 (compare lanes
1 and 2). Similarly, methylation on K9 by SUV39H1 inhib-tive SET7(H297G) mutant reduced the endogenous H3-K4
methylation level (compare lanes 4 and 2), indicating its subsequent K4 methylation by SET7 (Figure 6A, com-
pare lanes 3 and 4). To confirm the above results, H3that this mutant is likely function in a dominant-negative
fashion. Collectively, these data suggest that SET7 is at peptides that are unmodified, K4 dimethylated, or K9
dimethylated, respectively, were subjected to methyla-least partially responsible for H3-K4 methylation in vivo.
tion using SET7 or SUV39H1 in the presence of 3H-SAM.
Results shown in Figure 6B confirm the results obtainedH3-K4 and -K9 Methylation Inhibit Each Other
Accumulating evidence indicates that different modifi- using core histones as substrates. Collectively, the
above data allow us to conclude that H3-K4 and -K9cations at the histone N-terminal tails affect each other
(reviewed in Zhang and Reinberg, 2001). Since SET7 methylation inhibit each other.
specifically methylates lysine 4 of H3, we attempted to
address the effect of H3-K4 methylation on subsequent H3-K4 and -K9 Methylation Differentially Affect
Subsequent Histone Acetylation by p300histone modifications at other residues. To this end,
core histones were methylated at K4 or K9 using SET7 Having established the antagonistic relationship be-
tween H3-K4 and -K9 methylation, we asked whetheror SUV39H1 in the presence of nonradioactive SAM.
After purification and verification of the methylation K4 and K9 methylation have differential effects on sub-
An H3-K4-Specific Methyltransferase
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Figure 6. H3-K4 and H3-K9 Methylation Inhibit Each Other
(A) Core histones in which H3 is methylated at K4 or K9 were used as substrates for methylation by SUV39H1 or SET7, respectively (top
panel). Quantification of H3 methylation by the two enzymes is shown relative to that when the unmodified core histones were used as
substrates. Variations between two independent experiments are depicted by error bars. The bottom panel indicates that equal amounts of
histone substrates were used in each reaction.
(B) Peptides corresponding to human H3 N-terminal 19 amino acids that are unmodified, K4 dimethylated, and K9 dimethylated, respectively,
were subjected to methylation by SET7 (lanes 1–3) or SUV39H1 (lanes 4–6). Quantification of the methylation level (bottom panel) was based
on when unmodified peptide was used as a substrate. Variations between two independent experiments are depicted by error bars.
sequent histone acetylation by p300. To this end, recom- Discussion
binant histone H3 that are mock-, K4-, or K9 methylated
are subjected to acetylation by p300 in the presence of By following histone H3-specific methyltransferase ac-
tivity, we isolated a new HMTase that we named SET7.3H-acetyl CoA. Results shown in Figure 7A indicated
that K4 methylation facilitates subsequent acetylation SET7 is capable of methylating histone H3 at lysine 4
in vitro and in vivo. In addition, methylation of H3-K4 byby p300 (compare lanes 1, 3, and 5 with 2, 4, and 6). In
contrast, methylation on K9 inhibits subsequent acetyla- SET7 inhibits subsequent methylation on K9 by SUV39H1.
In contrast to its inhibitory effect on K9 methylation,tion by p300 (compare lanes 7, 9, and 11 with 8, 10, and
12). To confirm the above results with a more physiologi- H3-K4 methylation facilitates subsequent acetylation of
H3 and H4 by p300.cal substrate, core histone octamers that were K4- or
K9 methylated by SET7 or SUV39H1, respectively, were
subjected to acetylation by p300 in the presence of SET Domain, a Lysine-Specific
3H-acetyl CoA. Parallel experiments using mock-methyl- Methyltransferase Signature
ated core histones as substrates were also performed. The SET domain is an evolutionarily conserved se-
Results shown in Figure 7B not only confirmed the posi- quence motif initially identified in the Drosophila PEV
tive/negative effect of K4/K9 methylation on subsequent (position effect variegation) suppressor SU(VAR)3-9
H3 acetylation by p300 but importantly also revealed (Tschiersch et al., 1994), the Polycomb-group protein
that methylation on H3 affects subsequent acetylation Enhancer of zeste (Jones and Gelbart, 1993), and the
on H4 by p300 (compare lane 1 with 2, 3 with 4). The trithorax-group protein Trithorax (Stassen et al., 1995).
demonstration that covalent modification on one his- A major function of the SET domain-containing proteins
tone molecule can affect subsequent modification on a is to modulate gene activity (Jenuwein et al., 1998). How-
different histone molecular has important implications ever, the underlying mechanism is just beginning to be
for the “histone code” hypothesis (Strahl and Allis, 2000). revealed. The demonstration that SUV39H1 and its fis-
It significantly increases the complexity of the histone sion yeast homolog Clr4 possess intrinsic H3-specific
code. Given that p300-mediated histone acetylation cor- HMTase activity suggests that SET domain-containing
relates with gene activation, our data may provide a proteins might modulate gene activity through histone
molecular basis for the observed correlation between methylation (Rea et al., 2000). Mutational studies with
H3-K9/H3-K4 methylation and transcriptional repres- SUV39H1 revealed that the SET domain as well as the
two adjacent cysteine-rich preSET and postSET do-sion/activation (Litt et al., 2001; Noma et al., 2001).
Molecular Cell
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Figure 7. Differential Effects of H3-K4 and H3-K9 Methylation on Subsequent Lysine Acetylation
(A) H3-K4/K9 methylation facilitates/inhibits subsequent H3 acetylation by p300. Recombinant histone H3 that was mock methylated () or
K4- or K9-methylated () was used as substrates for acetylation by p300. The amount of p300 used in each reaction is indicated on top of
the panel. After exposure to X-ray film, the corresponding gel slices were excised and counted by scintillation counting. All quantification is
relative to that when the unmodified H3 was used as a substrate. Variations between two independent experiments are depicted by error
bars. The bottom panel indicates that an equal amount of recombinant H3 was used in each reaction.
(B) H3-K4/K9 methylation facilitates/inhibits subsequent H3 and H4 acetylation by p300. Core histones that were methylated on K4 or K9 by
SET7 or SUV39H1, respectively, were compared with mock methylated core histone to serve as substrates for acetylation by p300 (10 l, top
panel). The corresponding gel slices were excised and counted by scintillation counting for both H3 and H4. Quantification is relative to that
when unmodified core histones were used as substrates (middle panels). Variations between two independent experiments are depicted by
error bars. Equal amounts of substrates are verified by Coomassie staining (bottom panel).
mains are required for its enzymatic activity (Rea et al., (Figure 4). Our data, as well as those from Jenuwein and
colleagues (Rea et al., 2000), indicate that sequences2000). Consistent with the requirement of these three
regions for enzymatic activity, other SET domain-con- flanking the SET domain, whether they are cycteine rich
or not, seem to be required for HMTase activity. Whethertaining proteins that lack one or both cysteine-rich re-
gions, for example recombinant EZH2 and TRX, do not these flanking sequences simply facilitate folding of the
SET domain to accommodate histone tails or directlycontain histone methyl-transferase activity in vitro (Rea
et al., 2000). However, the demonstration that SET7, involve in the enzymatic reaction awaits to be deter-
mined. A clear answer to the above question likely re-although it lacks the preSET and postSET domains, pos-
sesses intrinsic HMTase activity argues against a gen- quires determination of the structures of these enzymes.
eral requirement for the preSET and postSET domains
for HMTase activity. This argument is further supported Methylation on Lysine 4 and Lysine 9
of Histone H3 Antagonize Each Otherby analyzing the SET domain-containing proteins from
the budding yeast. Analysis of the S. cerevisiae genome Histone tails are rich in covalent modifications (van
Holde, 1988). One of the most important advances in thedatabase identified six SET domain-containing proteins,
yet none of these proteins contains both the preSET studies of these covalent modifications is the realization
that these covalent modifications affect each other. Asand postSET domains. Nonetheless, histones in yeast
are clearly methylated (Strahl et al., 1999). Therefore, it a result, the histone code hypothesis was proposed
(Strahl and Allis, 2000). This hypothesis predicts that ais likely that the SET domain is the only signature motif
for lysine-specific HMTases. However, SET domain preexisting modification affects subsequent modifica-
tions on histone tails and that these modifications servealone does not seem to be sufficient for HMTase activity
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as marks for the recruitment of different proteins or H3 in oligonucleosomes (Figure 3B), since the histone
protein complexes to regulate diverse chromatin func- tails in mononucleosomes are more accessible than
tions. Several recent studies have demonstrated that those in oligonucleosomes. Alternatively, these en-
acetylation, phosphorylation, and methylation on his- zymes might function in a promoter-specific manner. In
tone tails affect each other. For example, several transcrip- this case, demonstration of the direct involvement of the
tion-related HATs, including GCN5, PCAF, and p300, pre- SET7/SUV39H1 HMTase activity in transcription would
fer S10 phosphorylated H3 as a substrate, since S10 require the identification of their functioning partners
phosphorylation facilitates subsequent H3-K14 acetyla- and their target genes.
tion (Cheung et al., 2000; Lo et al., 2000). In addition to
Experimental Proceduresthe positive effect on K14 acetylation, S10 phosphoryla-
tion negatively regulates K9 methylation by SUV39H1
Purification of the H3-K4 HMTase(Rea et al., 2000). Furthermore, we have recently demon-
HeLa nuclear proteins were separated into nuclear extract and nu-
strated that acetylation on any of the four lysines on the clear pellet fractions using a previously described procedure (Dig-
histone H4 N-terminal tail inhibits subsequent methyla- nam et al., 1983). Nuclear pellet was solubilized as described (LeRoy
tion on H4-R3 by PRMT1. In contrast, methylation on et al., 1998). The recovered proteins (7 g), resuspended in buffer D
(50 mM Tris-HCl [pH 7.9], 0.1 mM EDTA, 2 mM DTT, 0.2 mM PMSF,H4-R3 by PRMT1 facilitates subsequent acetylation by
and 25% glycerol) containing 20 mM ammonium sulfate (BD20),p300 on histone H4-K8 and H4-K12 (Wang et al., 2001).
were then loaded onto a 900 ml DEAE52 column equilibrated withTo understand the consequences of H3-K4 methyla-
BD20. Proteins that bound to the DEAE52 column were step elutedtion on subsequent histone tail modifications, we took
with BD100 and BD600. The BD100 fraction was adjusted to BD500
advantage of the fact that SET7 specifically methylates using saturated ammonium sulfate and loaded to a 22 ml FPLC
H3-K4 and analyzed the effect of H3-K4 methylation on Phenyl Sepharose column (Phamacia). The column was eluted with
subsequent H3-K9 methylation by SUV39H1. Our data a 15 column-volume (cv) liner gradient from BD500 to BD0. The
fractions that contain the HMTase activity were combined and dia-indicate that methylation on H3-K4 and -K9 inhibit each
lyzed into BD50 and loaded onto a 45 ml HPLC-DEAE-5PW columnother (Figure 6). This provides a molecular explanation
(TosoHaas). The column was eluted with a 10 cv linear gradient fromto the recent demonstration that H3-K4 and -K9 have
BD50 to BD500. HMTase activities were separated into three peaks
distinctive methylation patterns at the fission yeast het- on this column. The third peak fractions were pooled and dialyzed
erochromatin domain boundaries as well as at the into buffer P (5 mM HEPES-KOH [pH 7.5], 40 mM KCl, 0.01% Triton
chicken -globin locus (Litt et al., 2001; Noma et al., X-100, 0.01 mM CaCl2, 0.5 mM PMSF, 1 mM DTT, and 10% glycerol)
containing 10 mM potassium phosphate (BP10) and loaded onto a2001). In addition to inhibiting each other, methylation
1 ml hydroxyapatite column. The bound proteins were eluted withon H3-K4 and -K9 has an opposite effect on subsequent
20 cv linear gradient from BP10 to BP600. The active fractionshistone acetylation by p300. While K9 methylation inhib-
were pooled and concentrated on a 0.2 ml DEAE-52 column andited subsequent histone acetylation, K4 methylation in- fractionated on a Sepharose 200 gel-filtration column (Phamacia).
creased subsequent histone acetylation. Interestingly, this The HMTase activity elutes with a relative molecular mass between
not only occurs on histone H3 but also on histone H4, 66 and 29 kDa.
indicating that interplay between different modifications
Protein Identification and Methylation Site Determinationcan occur among different histone molecules (Figure 7).
To identify the 45 kDa protein that coelutes with the H3 HMTaseGiven the general correlation between histone acet-
activity, the 45 kDa protein was excised and digested with trypsinylation and transcriptional activation, we predict that K4
and processed for mass spectrometric analysis as described (Erdju-methylation is likely involved in transcriptional activa-
ment-Bromage et al., 1998). In brief, the peptide mixture was partially
tion. Consistent with this prediction is the demonstration fractionated on a Poros 50 R2 RP microtip, and resulting peptide
that H3-K4 is a preferred site of methylation in the tran- pools were analyzed by matrix-assisted laser-desorption/ionization
scriptionally active macronuclei of Tetrahymena (Strahl reflectron time-of-flight (MALDI-reTOF) MS using a Reflex III instru-
ment (Brüker Franzen; Bremen, Germany) and by electrospray ion-et al., 1999). In addition, chromatin immunoprecipitation
ization (ESI) tandem MS on an API 300 triple quadrupole instrument(ChIP) experiments covering the fission yeast mating-
(PE-SCIEX; Thornhill, Canada), modified with an ultrafine ionizationtype locus and the chicken -globin locus have revealed
source as described (Geromanos et al., 2000). Selected mass valuesa correlation between gene activation/silencing with
from the MALDI-TOF experiments were taken to search the NCBI
K4/K9 methylation, respectively (Litt et al., 2001; Noma nonredundant protein database using the PeptideSearch algorithm.
et al., 2001). However, data demonstrating that the enzy- The protein identification was verified by comparing the computer-
matic activities of H3-K4/K9 methylation are responsible generated fragment ion series of the predicted tryptic peptide with
the experimental MS/MS data. For methylation site determination,for gene activation/repression are not available. To di-
core histones were methylated with the purified enzyme in the pres-rectly address the role of the HMTase activities of SET7
ence of 3H-SAM (15 Ci/mM; NEN Life Science Products). Histonesand SUV39H1 in transcription, we attempted to target
were then separated by 18% SDS-PAGE and transferred to PVDFwild-type and HMTase-inactivated SET7 and SUV39H1
membrane. After Coomassie staining and destaining, the protein
mutants to reporter genes through the Gal4-DNA bind- band corresponding to H3 was excised and subjected to automated
ing domain in both mammalian and replication-coupled Edman chemical sequencing using an Applied Biosystems (Foster
Xenopus oocyte chromatin assembly systems. These City, CA) 477A automated instrument. Sequentially released amino
acid derivatives were collected after each cycle for liquid scintillationefforts, however, have so far failed to demonstrate a
counting as described (Frydman et al., 1999).direct role for SET7/SUV39H1 HMTase activities in tran-
scription (data not shown). One explanation is that these
Histone Methyltransferase and Acetyltransferase Assaysenzymes might function in concert with other chromatin
HMTase and HAT assays were performed essentially as described
modifying enzymes, such as nucleosome remodeling (Wang et al., 2001). In brief, purified enzymes or column fractions
factors. Consistent with this possibility is the finding (20 l) were incubated with core histones (4 l, 1 mg/ml, purified from
that SET7 has marginal HMTase activity toward H3 in HeLa cells), H3-tail peptides (ABCAM, Cambridge, UK), or different
GST-H3 fusion proteins (Tachibana et al., 2001) in 32.5 l reactionsmononucleosomes while it is completely inactive toward
Molecular Cell
1216
containing 20 mM Tris-HCl (pH 8.0), 4 mM EDTA, 1 mM PMSF, 0.5 the rapid de novo folding of firefly luciferase. Nat. Struct. Biol. 6,
697–705.mM DTT, and 1 l 3H-SAM (15 Ci/mM; NEN Life Science Products)
for 1 hr at 30C. Reactions were stopped by addition of 8 l of 5  Geromanos, S., Freckleton, G., and Tempst, P. (2000). Tuning of an
SDS loading buffer and proteins separated in an 18% SDS-PAGE. electrospray ionization source for maximum peptide-ion transmis-
After Coomassie staining and destaining, gels were treated with sion into a mass spectrometer. Anal. Chem. 72, 777–790.
Entensify (NEN Life Science Products), dried, and exposed to X-ray
Grant, P.A., Duggan, L., Cote, J., Roberts, S.M., Brownel, J.E., Can-
films. For quantification, the gel slices were excised and counted
dau, R., Ohba, R., Owen-Hughes, T., Allis, C.D., Winston, F., et
with scintillation counting. HAT assays were performed in 30 l
al. (1997). Yeast Gcn5 functions in two multisubunit complexes to
volume containing 50 mM HEPES (pH 8.0), 5 mM DTT, 5 mM PMSF,
acetylate nucleosomal histones: characterization of an Ada complex
10 mM sodium butyrate, 10% glycerol, 2 l 3H-acetyl-CoA, and
and the SAGA (Spt/Ada) complex. Genes Dev. 11, 1640–1650.
varying amounts of p300. Reaction mixture was incubated for 1 hr
Hendzel, M.J., and Davie, J.R. (1989). Distribution of methylatedat 37C and terminated by the addition of SDS sample buffer. Histone
histones and histone methyltransferases in chicken erythrocyteand nucleosome substrates were purified from HeLa cells as pre-
chromatin. J. Biol. Chem. 264, 19208–19214.viously described (Zhang et al., 1998). Histone tail peptides were
purchased from ABCAM (Cambridge, UK). Jenuwein, T., and Allis, C.D. (2001). Translating the histone code.
Science 293, 1074–1080.
Plasmids, Antibody, and Transfection Jenuwein, T., Laible, G., Dorn, R., and Reuter, G. (1998). SET domain
Plasmid encoding GST-SET7 was constructed by digestion of the proteins modulate chromatin domains in eu- and heterochromatin.
KIAA1717 cDNA with NcoI and HindIII and cloned into the NcoI/ Cell. Mol. Life Sci. 54, 80–93.
HindIII sites of the pGEX-KG vector. The mammalian expression Jones, R.S., and Gelbart, W.M. (1993). The Drosophila Polycomb-
vector was constructed by digestion of the GST-SET7 with EcoRI group gene Enhancer of zeste contains a region with sequence
and cloned into the EcoRI site of the pCDNA--Flag vector. All the similarity to trithorax. Mol. Cell. Biol. 13, 6357–6366.
GST-SET7 deletion constructs were generated by PCR and cloned
Kingston, R.E., and Narlikar, G.J. (1999). ATP-dependent remodelinginto the EcoRI/XhoI sites of the pGEX-KG vector. Constructs gener-
and acetylation as regulators of chromatin fluidity. Genes Dev. 13,ated through PCR were verified by DNA sequencing. The H297G
2339–2352.mutant was generated by PCR-based mutation and was verified by
Kozak, M. (1980). Evaluation of the “scanning model” for initiationDNA sequencing. All the GST-H3 tail fusion constructs used in Figure
of protein synthesis in eucaryotes. Cell 22, 7–8.3B have been previously described (Tachibana et al., 2001). Anti-
body against SET7 was generated by injecting the full-length recom- Kuo, M.-H., Brownell, J.E., Ranalli, T.A., Cook, R.G., Edmonson,
binant SET7 protein into rabbits. Methyl-K4-specific antibody was D.G., Roth, S.Y., and Allis, C.D. (1996). Transcription-linked acetyla-
purchased from Upstate Biotechnology and was described (Noma tion by Gcn5p of histones H3 and H4 at specific lysines. Nature 383,
et al., 2001). Transfection and histone isolation from transfected 269–272.
293T cells were performed as described (Wang et al., 2001). Lachner, M., O’Carroll, D., Rea, S., Mechtler, K., and Jenuwein, T.
(2001). Methylation of histone H3 lysine 9 creates a binding site for
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AF448510, respectively.
